Among the nitrogen-fixing bacteria associated with the roots of Leptochloa fusca (L.) Kunth in salt-affected soils in the Punjab region of Pakistan, we found a homogeneous group of eight diazotrophs. Cells are vibrioid to S shaped, are motile by one polar flagellum, and produce granules of poly-P-hydroxybutyrate. They have a respiratory type of metabolism, show microaerophilic growth when fixing nitrogen, grow well on salts of organic acids, and can also use fructose and mannitol. On nitrogen-free semisolid media, they require biotin, utilize mannitol, but not glucose or sucrose, and cannot acidify glucose aerobically or anaerobically. Optimal growth occurs at 0.25 % NaCl and 41OC. Deoxyribonucleic acid (DNA)-ribosomal ribonucleic acid (rRNA) hybridizations show that the organisms belong to the Azospirilhm rRNA branch, where they cluster together with Azospirilhm amazonense. They form a phenotypically and protein electrophoretically homogeneous group of bacteria, clearly distinct from Azospirillum amazonense, Azospirillum lipoferum, and Azospirillum brasilense. As no DNA-DNA binding was found with any of the three Azospirillum species, we propose a fourth Azospirilhm species for this group of isolates. Because of better growth at increased NaCl concentrations, we named the new species Azospirillum halopraeferens, Strain Au 4 (= LMG 7108) is the type strain, which has been deposited at the Deutsche Sammlung von Mikroorganismen, Gottingen, Federal Republic of Germany, as DSM 3675.
DSM 3675.
Several genera of nitrogen-fixing bacteria are associated with the roots of various plants (17,24). In the rhizosphere of tropical and subtropical grasses, bacteria of the genus Azospirillum are widely distributed (16). It is generally accepted that these bacteria can enhance the growth of the plant, and it has been suggested that nitrogen fixed by the bacteria can be transferred to the plant (15, 35, 36).
With the increasing occurrence of saline soils or saline irrigation water, there might arise interest in plant-associated diazotrophs showing salt tolerance or even enhanced growth in higher saline conditions. Salt tolerance has been reported for the N2-fixing Campylobacter nitrofigilis (34) and for some rhizobia (42).
Leptochloa fusca (L.) Kunth (Kallar grass) is a salttolerant grass used as a pioneer plant in Pakistan on saltaffected low-fertility soils. Three to four cuttings a year are taken without the addition of any nitrogenous fertilizer (31). During a study of the population of diazotrophs associated with Kallar grass grown in the Punjab region of Pakistan, we found high numbers of nitrogen-fixing bacteria in and on the roots. Some of these isolates resembled Azospirillum spp. in morphology and microaerophilic N2-dependent growth, but could not be assigned to one of the known species (38).
The genus Azospirillum was initially described with two species, Azospirillum lipoferum and Azospirillum brasilense (43) . Deoxyribonucleic acid (DNA)-ribosomal ribonucleic acid (rRNA) hybridizations showed that both species constitute a tight cluster on a separate rRNA branch in rRNA superfamily IV sensu De Ley (5, 10) . In this technique, Tm(el (the temperature [in "C] at which 50% of the DNA-rRNA hybrid is denatured) is the decisive taxonomic parameter for The final pH of the medium was 8.5; it was not further adjusted. Malic acid, KOH, and agar were dissolved in one-half of the total volume and autoclaved; the remaining salts were sterilized by filtration after dissolving them in one-half of the total volume and discarding the precipitate after centrifugation.
Cultures for enrichment and isolation were incubated at 30°C. After growth had occurred as a subsurface pellicle, cultures were assayed for nitrogenase activity by the acetylene reduction test. Tubes were incubated with 10% acetylene for 2 h, and the ethylene formed was measured in a gas chromatograph with a flame ionization detector (Erba Science, Milano, Italy), fitted with a Porapak N column (0.8 m by 2-mm inner diameter) at 90°C. For isolation, cultures carrying out acetylene reduction were transferred to fresh N-free semisolid medium. After 48 to 72 h of incubation, parts of the pellicles were diluted in N-free SM medium, and portions were used to seed plates of molten malate medium, which deviated from the medium for enrichment by containing 0.8% agar instead of 0.2%, and af 20 mg of yeast extract per liter. After incubation of the agar plates for 1 week, single colonies were transferred to N-free semisolid medium. After growth, pellicles were again purified by embedding in the same way. Subsurface pellicles obtained from single colonies were tested for nitrogenase activity and checked for purity on potato infusion (BMS) agar (14) containing bromothymol blue (0.5% [wthol] in 3 ml of ethanol per liter), congo red agar (3), and tryptic soy agar (41) . Pure cultures were maintained at 41°C by biweekly transfer in semisolid N-free SM medium supplemented with 0.25% NaCl and adjusted to pH 7.2. The strains were also preserved in liquid nitrogen as described previously (37) .
Bacterial strains. All strains used are listed in Table 1 . In one culture of Azospirillum arnazonense YIT, two stable colony types designated as t l (dry, irregular, and wrinkled) and t2 (moist, circular, and convex) appeared on sucrose medium plates (SM medium containing 1% sucrose instead of malate and 1.5% agar, adjusted to pH 6.3).
Morphology and physiological tests. Cell dimensions were determined by phase-contrast microscopy. Gram staining was carried out by the method of Drews (18) . The type of flagellation was determined by electron microscopy by using preparations negatively stained with uranyl acetate.
Unless indicated otherwise, the physiological tests were carried out at 41°C for Azospirillurn halopraeferens and at 35°C for the other Azospirillurn species. The effects of incubation temperature, pH, and NaCl concentration on growth were evaluated by measuring nitrogenase activity of cultures in semisolid N-free SM medium. Precultures were grown in liquid SM medium with reciprocal shaking (100 rpm). Tubes (15 ml) containing 5 ml of medium were inoculated with 30 ~1 of a washed-cell suspension with an optical density of 0.1 at 578 nm. After 24 to 48 h of growth at VOL. 37, 1987 AZOSPIRILLUM HALOPRAEFERENS SP. NOV.
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the indicated temperature, pH, or NaCl concentration, cultures which were in the logarithmic growth phase were incubated with 10% acetylene for 1.5 h, and the ethylene that formed was determined by gas chromatograph. The values (see Fig. 5 ) represent the means of four replicates. For testing the effect of the pH on growth, the buffer concentration of the SM medium was doubled. Cultures not growing within 48 h were checked for growth after prolonged incubation (up to 14 days). In all tests carried out with Azospirillum amazonense DSM 2787T in SM medium, malate was replaced by 1% sucrose, and the pH was adjusted to 6.3. The effect of NaCl on grawth was also studied in liquid SM medium containing 0.5 g of NH4C1 per liter and 0.1 g of yeast extract per liter at 36°C with reciprocal shaking (100 rpm). Growth in medium with and without the addition of 2.5 g of NaCl was compared for the type strains of each species in two replicates. Inocula were grown in the same liquid medium as the test cultures. Growth was monitored by means of optical density at 578 nm, and the doubling time, td, was calculated.
For the following physiological tests we used a log-phase inoculum, grown with reciprocal shaking (100 rpm) on liquid SM medium. Cells were washed twice in SM medium free of malate, N, and biotin, and were adjusted to an optical density of 0.12 at 578 nm. Unless indicated otherwise, test media were inoculated with 30 pl of the suspension. Growth in the presence of 3% NaCl was tested by using N-free semisolid SM medium. Growth in the form of a subsurface pellicle was measured after 7 days of incubation. The biotin requirement was tested on N-free biotin-free semisolid SM medium with a biotin-containing medium as a control. Growth was checked after 2 to 3 days. The sole carbon sources for growth in N-free semisolid media were tested as described by Krieg and Dobereiner (28) without the addition of bromothymol blue. Glucose, mannitol, or sucrose was added after sterilization by filtration. Growth responses were measured after 3, 5 , and 7 days.
The sole carbon sources (see Table 3 ) for growth on media containing ammonium sulfate as the nitrogen source were tested by an auxanographic method following a procedure described by Krieg and Dobereiner (28) . A 10-ml volume of a cell suspension with an optical density of 0.12 was used per 100 ml of molten medium. Disks (diameter, 7 mm) were punched out from Whatman filters (GF/C), sterilized, dipped into filter-sterilized aqueous solutions (5%) of the carbon sources adjusted to pH 7.0, and placed on the surface of solidified agar in plates. After 4.5 days of incubation, growth as a visible zone of turbidity around the disks was checked. Aerobic acidification of peptone-based glucose broth was carried out as described by Krieg and Dobereiner (28). For A. amazonense, the pH was adjusted to 6.3, and bromopheno1 blue was replaced by 15 mg of chlorophenol red per liter. The development of a yellow color after 4 days of incubation was considered to be a positive reaction.
The anaerobic acidification of glucose or fructose was tested by the method of Tarrand et al. (43) by using microtiter plate broth. For A . amazonense, the medium was modified as described above. Cultures were checked for the development of a yellow color after 2 weeks of incubation. Acidification of carbohydrate-containing media (see Table 3 ) was tested by using a modification of the method described by Tarrand et al. (43) . In microtiter plate broth, bromothymol blue was replaced by 50 mg of chlorophenol red per liter. The carbohydrate-containing media were dispensed in sterile 15-ml tubes (1 ml per tube). After inoculating each tube with 30 pl of washed-cell suspension, acidification was considered to be positive if within 4.5 days of incubation the pH had dropped to 5.6 as indicated by chlorophenol red.
Tests for nitrate reductase and denitrification were carried out as described by Smibert and Krieg (41) . The basal medium was SM medium supplemented with 0.2% agar. Nitrite was determined by a quantitative colorimetric assay (41); production of gas was taken as evidence for denitrification. Cultures were monitored daily for the occurrence of nitrite and gas production. Tetramethyl-p-phenylenediamine was used to test oxidase (41). Urease was tested on Christensen urea agar (41) . The presence of poly-phydroxybutyrate was determined by the method of Smibert and Krieg (41) .
PAGE of soluble cell proteins. Bacteria were grown in one or two Roux flasks on a medium containing (in 1 liter of 0.00625 M phosphate buffer) 3.0 g of papaic digest of soymeal (E. Merck AG, Darmstadt, Federal Republic of Germany), 17 g of pancreatic digest of casein (Oxoid Ltd., London, England), 5.0 g of NaC1, and 1.0 g of sucrose (final pH 7.0). The same medium with final pH 6.3 was used for A . amazonense. Protein samples were prepared from whole cells by SDS treatment as described earlier (27) . SDSpdyacrylamide gel electrophoresis (PAGE) was performed by the method of Laemmli (29), with small modifications described previously (27) .
Preparation of high-molecular-weight DNA. DNA was prepared by the method of Marmur (32) . The DNA concentration was ca. 50 pg/ml, and the optimal renaturation temperature (TOR) in 2~ SSC ( I x SSC is 0.15 M NaCl plus 0.015 M sodium citrate) was 82°C. A Gilford 2600 spectrophotometer, equipped with a thermostatted cuvet chamber and a Hewlett-Packard plotter 7225 A, was used to measure the renaturation rates. The molecular complexity of the DNAs was calculated from the renaturation reaction constants with the genome size of Escherichia coli B as a reference (21, 23) . DNA-r@NA hybridizations. For the fixation of singlestranded high-molecular-weight DNA on membrane filters, we used the fixation procedure described by De Ley and Tytgat (8) and Sartorius filters type SM 11358. After simulation of the hybridization step as described by De Smedt and De Ley (ll), each concentration of DNA on the filter was determined chemically by the method of Richards (39) . The filters with DNA were preserved at 4°C in vacuo (7). DNA-rRNA hybridizations were carried out as described previously (10, 13, 25) . Two parameters were measured: (i) T,(,,, which is the temperature at which 50% of the hybrid is denatured and (ii) the percentage of labeled rRNA duplexed (in micrograms per 100 pg of DNA fixed on the filter after ribonuclease treatment). Both parameters are derived from the melting curve of the hybrids. was measured by thermal denaturation (9) and was calculated by the equation of Marmur and Doty (33) as modified by De Ley (4).
RWULTS AND DISCUSSION
A new group of nitrogen-fixing spirillumlike bacteria was isolated from Kallar grass roots. Their negative gram reaction, the vibrioid to S-shaped cells, the cell diameter of about 1 pm, the motility by means of one polar flagellum, the presence of poly-fbhydroxybutyrate granules, the posses-
sion of a respiratory type of metabolism, the ability of denitrification, the preference for salts of organic acids as carbon sources, and the ability to utilize and produce acid from some sugars, indicated that they could be related to the Azospirillum genus. Furthermore, they were able to fix NZ, as shown unequivocally by 15N2 incorporation with strain Au 4T (38) . Nz-dependent growth was microaerophilic.
Proof for the assignment of the rhizosphere organisms from Kallar grass to the genus Azospirillum was given by the T,(e) values of the hybrids formed between their DNA and 14C-labeled rRNA from A . brpsilense ATCC 29145=. Table 2 . Figure 1 represents a dendrogram based on Tm(el. Our results concern part of rRNA superfamily IV (10, 11, 22, 25) . Both strains of Azospirillum halopraeferens, Au 4T and Au 5 , as well as the strains of Azospirillum amazonense, YIT (Gent), Y9, and Y13, are located at the same level on the Azospirillum rRNA branch (ll), which forms a trinity together with the rRNA branches of Rhodospirillum rubrum and some Aquaspirillum species (10). Each of these branches deserves at least a separate generic rank. With Tm(e) values ranging from 73. 4 Comparison of protein electrophoregrams. Figure 2 shows the SDS-PAGE patterns of all strains investigated. The eight Azospirillum halopraeferens strains have almost indistinguishable protein electrophoregrams, indicating that they constitute a homogeneous group of bacteria. It is our experience (26) that bacteria with almost identical protein patterns possess a high genome similarity. The electrophoregrams of Azospirillum halopraeferens are clearly different from those of Azospirillum lipoferum, Azospirillum brasilense, and Azospirillum amazonense.
Because phenotypic and genotypic data of the type strain of Azospirillum amazonense Y 1 were obtained with subcultures which were independently obtained from J. Dobereiner and because strain YIT (Gent) showed two different and stable colony types after lyophilization, all of our subcultures of Azospirillum amazonense YIT were compared in SDS-PAGE with the reference strain DSM 2787T. They displayed nearly identical protein electrophoregrams (Fig.  2) , indicating that both colony types of strain YIT (Gent) were only colony morphology variants. The SDS-PAGE patterns of Azospirillum amazonense Y9 and Y13 were very similar to the pattern of the type strain.
DNA-DNA hybridizations. Because of the protein electrophoretic homogeneity of the Azospirillum halopraeferens strains, it was sufficient to investigate only two representative strains of this cluster. As expected, we found 100% DNA-DNA binding between strains Au 4T and Au 5 ( Table  2) . No meaningful percentage of DNA-DNA binding could be detected between DNA of Azospirillum halopraeferens Au 4T and DNA from representative strains of the three other species of the genus Azospirillum ( Table 2 ). The other results in Table 2 were included as controls. As expected (19) , no meaningful percentage of DNA-DNA binding could be detected between Azospirillurn brasilense ATCC 29145T and Azospirillurn lipoferum SpBr 17. Between Azospirillum amazonense YIT (Gent) and Y13 we found 63% DNA-DNA binding, which is in very good agreement with the value of 67% as obtained with the S1 endonuclease procedure (19) . As could be expected from the electrophoregrams, we found a similar value of 64% binding between Azospirillum amazonense Y9 and YIT (Gent).
The molecular complexities of the DNA of Azospirillum halopraeferens Au 4T and Au 5 were not significantly different; the mean value is (5. (21), these molecular complexities are very high. Whether this is due to chromosomal DNA only or to the additional large plasmid DNA, as described previously (44), cannot be unequivocally revealed by this method which measures the total amount of unique sequences.
The arguments that the Kallar grass root strains constitute a new species in the genus Azospirillum are summarized as follows. (i) The results of DNA-DNA homology determinations showed that the new Azospirillum organisms are different from Azospirillum amazonense since we did not detect meaningful DNA-DNA binding values between both groups. (ii) The protein gel electrophoregrams of the Kallar grass root organisms are (almost) identical and quite different from those of Azospirillum amazonense. (iii) Compared with all known Azospirillum species, the isolates from Kallar grass roots possess two unique properties: a high optimal temperature for growth (41°C) and a preference for higher NaCl concentrations.
Therefore, the bacteria we isolated from the roots of Kallar grass should be included in a new and fourth species of Azospirillum. Slightly halophilic bacteria grow best at 2 to 5% NaCl (40) . Our isolates have a lower optimal salt concentration (0.25% NaCl) and thus cannot be called halophiles. We propose for this new species the name Azospirillum halopraeferens sp. nov. A detailed description of the type strain and seven other representative strains is as follows.
Azospirillum halopraeferens sp. nov. Azospirillum halopraeferens (ha. lo' prae. fe. rens. Gr. n. hals, halos, salt, the sea; L. v. praeferre, to prefer; N. L. part. adj. salt preferring). The cells are gram negative, vibrioid to S shaped; only few helical cells occur in alkaline media. Motile in liquid medium with a rapid cork screwlike motion by one polar flagellum (Fig. 3) .
Fluorescent pigments are not produced. No growth on plates of BMS medium or congo red medium. Good growth on tryptic soy agar, forming cream-colored, circular, flat colonies with an entire margin. When culivated on N-free semisolid medium at 30 or 35"C, young cultures which have just developed a fine pellicle contain cells of small cell width, averaging from 0.7 to 0.9 pm. When growing at 41°C in medium supplemented with 0.25% NaCl at pH 7.2, the width of young cells is 1 to 1.2 pm. In both growth conditions, cells tend to become slightly wider, longer, and S shaped in older, more alkaline cultures. Such cells seldom exceed a length of 5 km. Only very few long, helical cells are observed. The occurrence of S-shaped cells is also pronounced in the late log phase on liquid SM medium, containing 0.25% NaCl (Fig. 4) . Cell size: 0.7 to 1.4 pm in diameter and 2.4 to 5 pm in length. On semisolid N-free malate medium they form veillike pellicles which first develop several millimeters below the medium surface and later move to the surface. They produce intracellular granules of poly-P-hydroxybutyrate.
Chemoorganoheterotrophic. Respiratory type of metabolism with oxygen as the terminal electron acceptor. All strains carried out acetylene reduction. Nitrate can be used for denitrification; N2 can be fixed in microaerobic conditions. Oxidase and urease positive. Grow well on salts of organic acids such as L-malate, succinate, fumarate, pyruvate, DL-lactate, P-hydroxybutyrate, and gluconate. Grow on D-mannitol, glycerol, and D-ribose. Use and acidify D-fructose.
The characteristics which differ among the eight strains are the utilization of carbon sources and acidification of carbohydrate-containing media ( Table 3) . On semisolid Data in parentheses were determined by us for reference strains: Azospirillum lipoferum DSM 1691T, Azospirillum brasilense DSM 1690T, and Azospirillum amazonense DSM 2787=.
Growth after prolonged incubation (5 to 7 days).
N-free medium, growth is produced on mannitol but not on glucose or sucrose. Not capable of aerobic acid production on peptone-based glucose medium. No acid production on fructose or glucose media anaerobically. Biotin required for growth. Better growth at 41 than at 35"C, and no growth at 44°C. They are able to grow at 20°C. The effect of different NaCl concentrations on the acetylene reduction activity of isolate Au 4T is shown in Fig. 5 . Acetylene reduction activity and growth is optimal in N-free SM medium supplemented with 0.25% NaC1. All eight isolates grew better in 0.25% NaCl than with 0.01% or 0.75% NaCl. After 7 days of incubation, growth as a subsurface pellicle is observed in 3% NaC1, although after 48 h of incubation acetylene reduction activity can not yet be detected. The addition of 0.25% NaCl to liquid SM medium containing bound nitrogen also increases the growth rate. The addition of 0.25% NaCl decreases the f d from 9.7 to 4. Differentiation from other Azospirillum species. Phenotypically, the Kallar grass root organisms form a very homogeneous group which can be clearly differentiated from the known Azospirillum species ( Table 4) . They differ from Azospirillum lipoferum by their inability to acidify glucose or fructose broth anaerobically or peptone-based glucose broth aerobically, to grow on glucose as the C source in N-free semisolid medium, and by the lack of typical pleomorphism. They can be differentiated from Azospirillum brasilense by the requirement of biotin and by the ability to use mannitol, on which they grew only weakly within 3 days of incubation in N-free semisolid medium, but showed better growth after a prolonged incubation period of 5 to 7 days. They differ from Azospirillum amazonense by their requirement for biotin, the utilization of mannitol but not glucose and sucrose, the capability to denitrify, and the alkali tolerance. The reference strains we used gave results which are in good agreement with those reported in the literature.
